INTRODUCTION
Foundations for oŠshore platforms, bridge bents, and tall buildings are subjected to signiˆcant torsional loads by virtue of eccentric lateral loading from wind and wave action, ship impacts or high-speed vehicles. In the past, researchers have developed numerical solutions for single piles subjected to torsion (e.g., Poulos, 1975; Randolph, 1981; Chow, 1985; Georgiadis, 1987; Guo and Randolph, 1996) . Zhang and Tsang (2005) studied the behavior of a torsionally loaded 2×2 bored pile group using a threedimensionalˆnite diŠerence method. Recently, Kong (2006) and Kong and Zhang (2007b) reported a series of centrifuge model tests to investigate load sharing mechanisms and pile-soil-pile interactions in threediameter spaced 1×2, 2×2 and 3×3ˆxed-head pile groups subjected to torsion. From these studies, the following attributes of torsionally loaded pile groups were observed: 1. A pile group subjected to torsion simultaneously mobilizes lateral and torsional resistances of individual piles, as shown in Fig. 1 . The torsional resistances resist 20¿50z of the applied torque; the mobilization of lateral resistance is closely related to pile locations within the group and pile-soil-pile interactions. 2. The eŠect of horizontal movement of a pile on the lateral behavior of its adjacent piles or``shadowing'' eŠect is also present in the pile groups subjected to torsion. However, the interaction eŠects in pile groups subjected to torsion and lateral loading are signiˆcant-ly diŠerent, because the directions and magnitudes of horizontal movements of individual piles in pile groups subjected to torsion are diŠerent ( see Fig. 1 ).
In addition, the horizontal movement of a pile aŠects the torsional behavior of its adjacent piles. 3. The lateral soil reaction on a pile in a pile group tends to increase the torsional resistance of the pile, which is referred to as de‰ection-torsion coupling eŠect.
To date, few computer programs for routine pile design simulate the behavior of pile groups subjected to torsion considering the pile-soil-pile interactions (also known as``PSPI'') and the de‰ection-torsion coupling eŠect. MPILE, a program originally developed by Randolph (1980) under the name of PIGLET, uses approximate analytical solutions for the lateral and torsional stiŠnesses of individual piles in a group, and takes into account the eŠect of lateral resistances of the individual piles on the torsional stiŠness of the pile group using interaction factors. The program is considered applicable for the analysis of pile groups under small deformations. GROUP (Reese et al., 2000) and FB-Pier (Hoit et al., 2001) , based on Winkler's spring idealization of soil, employ load-transfer functions to represent the relationship between a load at any point along a pile and the associated soil deformation at that point. The load-transfer approach has been widely adopted for routine design, especially where nonlinear soil behavior has to be considered and/or soil stratiˆcation is complex. In the load-transfer approach, pile-soil-pile interactions are taken into account using empirical factors, which are usually obtained by back-calculating pile load test results. For example, to analyze laterally loaded pile groups, a p-multiplier factor, rst suggested by Brown et al. (1988) , is employed in GROUP and FB-Pier to quantify the loss of soil resistance due to``shadowing'' eŠects (i.e., the geometric nonlinearity that in‰uences the lateral response of a pile as lateral support is withdrawn from the soil in front of that pile as the pile positioned forward of it moves in the same direction as the piles in the group). As reported by Kong (2006) ,``shadowing'' eŠects in pile groups subjected to torsion and lateral loading are signiˆcantly diŠer-ent, so empirical factors back-calculated from tests on laterally loaded pile groups may not be applicable to torsionally loaded pile groups. This paper describes a rational numerical approach to take into account several attributes of torsionally loaded pile groups; namely, (1) nonlinear behavior of soil adjacent to piles in pile groups subjected to torsion, (2) pilesoil-pile interactions, and (3) the de‰ection-torsion coupling eŠect. Formulations for the approach will be presentedˆrst. Next, the experimental results reported by Kong (2006) and Kong and Zhang (2007b) are used to verify the accuracy of the proposed approach. Finally, in‰uences of the pile-soil-pile interactions and the de‰ec-tion-torsion coupling eŠect on response of pile groups are studied.
PILE-SOIL SYSTEM
A pile-soil-pile interaction problem, as represented in Fig. 2 , can be decomposed into two domains; namely (1) the pile domain, i.e., the group piles subjected to external loads s Qtand pile-soil interaction forces acting on the piles, s Ppt ; (2) the soil domain, i.e., the soil mass acted on by a system of pile-soil interaction forces s Pst , at the boundary of the pile-soil interface. The pile domain and the soil domain interact with each other through the pile-soil interaction forces, as shown in Fig. 2 , and the compatibility of the deformations of the soil and pile domains.
Pile Domain
The pile shafts are assumed to be linear elastic and obey the small deformation assumption; the piles are vertical andˆxed to the pile cap; the pile toes are subjected to torsional and vertical restraints; and the pile cap is rigid and not in contact with the ground. Thus, an individual pile in a pile group under torsional loading is subjected to a lateral load, a bending moment, and a torsional load at the pile head ( see Fig. 1 ). Assuming each pile works as a simple beam, the governing fourth and second order diŠerential equations for lateral de‰ection y and twist angle u of the pile can be given by,
where Ep and Gp are the elastic modulus and shear modulus of pile shaft, respectively; I p and J p are the second moment and polar second moment of area of pile section, respectively; z is depth; and kh and ku are the moduli of subgrade reaction for lateral loading and torsional loading, respectively. Each pile is modeled by a number of discrete beam elements. Figure 1 shows the node numbering method employed in the proposed approach. Based on theˆnite element method (e.g., Smith, 1982) , the loaddeformation relationship is written as
where [Kp] is the global stiŠness matrix of all elements of the group piles; s Wptis the vector of deformations at the pile nodes.
Soil Domain
It is assumed that nonlinear behavior of a pile group is due to the nonlinear soil response in the nearˆeld (i.e., at individual piles in the group, represented by p-y and t-u curves, where p is the lateral soil reaction; y is the lateral pile de‰ection; t is the torsional shear stress; and u is the local twist angle of pile shaft) but the far-ˆeld interactions (i.e., pile-soil-pile interactions) are linear elastic. In the present approach, a``lumped'' formulation in which soil stiŠness is lumped at the pile nodes is adopted, which is adequate in most practical problems. Thus, the soil deformation at node i due to its own loading as well as loadings at other nodes, si, can be obtained by superposition:
where fij is the ‰exibility coe‹cient denoting the deformation at node i due to a unit load at node j; Psj is the pilesoil interaction force acting on the soil at node j; and n is the total number of nodes. Equation (4) can be written for each node, leading to the following ‰exibility relationship for the soil
where s Wstis the vector of soil deformation; [Fs] is the soil ‰exibility matrix; and s Pstis the vector of pile-soil interaction forces acting on the soil. In torsionally loaded pile groups, the pile-soil interaction forces acting on the soil at node j, Psj, include a lateral force and a torsional force, denoted as Hsj and Tsj, respectively. The corresponding ‰exibility coe‹cients are also divided into two parts, denoted as f 
Since the soil deformation at node i, si in this case, includes a lateral component, 
where f node i due to a unit torsional force at node j. In terms of sources of loading, the soil deformation at a node consists of the one due to the forces at the node and the one due to the forces at other nodes. So H si and T si are each further divided into two components: (9) where sii represents the soil deformation at node i as a result of forces at the same node; ai represents the added soil deformation at node i as a result of forces at nodes other than i. Referring to Eq. (7), Eqs. (8) and (9) can be rewritten as
The matrix form of Eqs. (10) and (11) is in essence the same as Eq. (5). Inherent in the load-transfer approach for modeling soil behavior in a single pile is the assumption that the soil reactions are uncoupled; that is, the displacement at a particular node will only aŠect the soil reaction at that node. Thus, for loadings at node j which is associated with the same pile as node i, and for j»i, the values of the ‰exibility coe‹cients, f
are zero. The calculation of the non-zero ‰exibility coe‹cients in Eqs. (10) and (11) is presented in the next section. denotes the lateral component of soil deformation at node i due to a unit lateral force at the same node; f TT ii is the torsional component of soil deformation at node i due to a unit torsional force at the same node. In this paper, nonlinear p-y and t-u curves are used to calculate the two ‰exibility coe‹cients: 
Flexibility Coe‹cients of Soil f
where D is the pile diameter and d is the pile segment length. The soil reaction moduli k h and k u , which vary with load, are obtained using p-y and t-u curves. In the literature, many p-y curves were recommended for diŠer-ent soils (e.g., Reese represents the lateral component of soil deformation at node i due to a unit torsional force at the same node. Kong (2006) found from centrifuge model tests that the latter eŠect is minor, so f HT ii is ignored in the present approach.
To further clarify the physical interactions behind f TH ii , T sii in Eq. (11) is rewritten as
Tsi (14) where aTH(i) is a modiˆcation factor (or interaction factor) at node i and expressed as
Hsi.
( 1 5 ) If one employs the same numerical technique to analyze the response of a torsionally loaded single pile, the torsional soil deformation at node i, si, is then si ＝f i T? si (16) where fi and T? si are the soil ‰exibility coe‹cient and the torsional force at node i in the single pile. Assuming T sii
( 1 7 ) Equation (17) reveals that aTH(i) is the ratio of the torsional force at node i of a group pile to that at the corresponding node on a single pile at the same twist angle. aTH(i) is a function of Hsi ( see Eq. (15)). Therefore, f TH ii re‰ects the eŠect of the lateral force Hsi on the torsional force Tsi at the same node. Deˆning a new coupling coe‹cient, b,
where pa is the atmospheric pressure, Eq. (15) becomes
( 1 9 ) Because lumped formulations are used in the approach, Hsi/d is the average soil reaction on the pile element whose central point is i, denoted as pi. If the two sides of Eq. (17) are divided by pD 2 d/2, aTH(i) can be expressed in a stress form as,
where šts and št? s are the average torsional shear stresses at the pile element on the group pile and the single pile, respectively. In Eq. (20), b quantiˆes the contribution of subgrade reaction to the increase in the torsional shear resistance at the soil-pile interface. Figure 3 illustrates the physical meaning of b.
and f TT ij (i»j ) f HH ij (i»j ), the ‰exibility coe‹cient due to the lateral interaction between two piles, is obtained from Mindlin (1936)'s solutions for the in‰uence of a unit lateral point force in a homogeneous, isotropic elastic half-space. This technique has been used by Poulos (1971) , Leung and Chow (1987) and others for the analysis of laterally loaded pile groups. Non-homogeneous soils can be tackled by means of an averaging procedure described by Chow (1986) . However, for the case of pile groups subjected to torsion, the angle between the lateral loads on two arbitrary piles could be of any value, so a more general analysis of lateral interaction between two piles is needed.
Based on Mindlin's solutions, the lateral displacement of a given point in an arbitrary direction due to a unit lateral load in an interior elastic half space is derived in APPENDIX. In the present approach, the soil ‰exibility is condensed at the nodes of the pile elements, so the soil displacement at node i on a pile due to a unit lateral force at node j on another pile, f HH ij (i»j ), therefore, can be calculated using Eq. (A5),
( 2 1 ) where uj and nj are the soil displacements at node j on a pile in the same direction and in the perpendicular direc-tion of the unit force at node i, respectively; gij is the angle between the directions of the two lateral forces at node i and node j. f TT ij (i»j ) represents the torsional component of soil deformation at node i on a pile due to a unit torsional force at node j on another pile. This eŠect is omitted in this paper since both Poulos (1975) and Kong (2006) found that the interaction between two three-diameter spaced piles, if any, is negligible. In the present approach, torsional shear stresses on pile elements are condensed at nodes. Assume the adjacent piles near the pile subjected to torsion follow exactly the free-ˆeld soil displacement. Given a lumped torque at node i, Ti＝p štsD 2 d/2, the induced circumferential soil displacement at node j on another pile r j is,
where s is the center-to-center spacing between the two piles. Thus, f HT ij can be expressed as:
where c is the angle between the line jointing nodes i and j and the direction of the lateral loading at node j. Equation (25) is valid only when nodes i and j are in the same depth. Otherwise, f HT ij (i»j ) is zero. Consider now the in‰uence of the horizontal loading of a pile on the rotation of a neighboring pile. From the reciprocal theorem, the rotation at node i on pile 1, due to a unit lateral force at node j on pile 2, must be equal to the soil displacement at node j on pile 2 in the loading direction due to a unit torsional force at node i on pile 1, that is
GOVERNING EQUATION AND CONSTRAINT CONDITIONS OF PILE-SOIL SYSTEM
The ‰exibility matrix [F s ] in Eq. (5) is inverted to give the following stiŠness relationship for the soil
where [Ks] (＝[Fs] -1 ) is the soil stiŠness matrix. Equilibrium of the interaction forces acting at the pile-soil interface yields
( 2 8 ) Assuming no separation between the soil and the piles, the compatibility of the deformations of the soil and the piles yields
Using Eqs. (3) and (27) In this paper, the pile cap in a pile group is assumed rigid and the pile-cap connection is assumedˆxed, so rotation of all the pile heads in the vertical plane should be zero, and the twist of all the pile heads should be equal to the twist of the pile cap. The pile-head lateral displacement of an individual pile is equal to the twist angle of the pile group times the distance from the pile to the torsional centre of the group. In addition, the force equilibrium of the pile cap should be satisˆed:
where TI and HI are the pile-head torque and shear force on pile I; sI is the distance between the torsional centre of the pile group to pile I; Tg is the applied torque on the pile cap; N is the total number of piles in the pile group. 
where pi is the pile deformation at node i and e is the allowable tolerance, which is taken as 10 -3 in the numerical calculation. When two consecutive iterative solutions satisfy a convergence criterion, the iteration is terminated. The iteration technique is convergent as long as the p-y curves and t-u curves are convex. An in-house program, NATLPG, was developed using Mathematica 5 for the present approach.
COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS

Centrifuge Model Tests
Results of the centrifuge model tests reported by Kong (2006) and Kong and Zhang (2007b) are utilized to verify the proposed approach. Aluminum model piles 19 mm in diameter and 300 mm in length were employed in the centrifuge model tests. The model piles were rigidly connected to aluminum pile caps at three-diameter spacing. Three pile group conˆgurations, 1×2, 2×2 and 3×3, were tested as shown in Fig. 4 . Before starting the centrifuge, each of the pile groups wasˆrst jacked into the sand bed to 90 mm using a pile jacking device. After the centrifuge was gradually accelerated to the desired g level, the pile group was jacked at 1 mm/s to theˆnal embedment depth of 270 mm. Then, the pile group was torsionally loaded in increments using two horizontal actuators. At each load level, the load was kept constant until no further variations in twist angle were observed. Four laser sensors were used to measure the movements of the pile cap at four points. Any three of the four displacement measurements could be used to calculate the twist angle and the two horizontal displacements of the pile cap. These tests were conducted at 40 g, thus the model pile groups simulated three-diameter spaced closed-end pipe pile groups with a prototype outside diameter of 0.76 m and an embedded pile length of 10.8 m, as shown in Fig. 4 . The ‰exural stiŠness of piles is 220.5 MN.m 2 , the Poisson's ratio is 0.3, and the torsional rigidity of the piles is 169.9 MN.m 2 . The simulated prototype pile caps are 1.2 m thick and 1.2 m above the ground surface in prototype. Details of the pile group tests have been described by Kong and Zhang (2007b) .
Leighton Buzzard sand was used in these tests. The sand was a quartz-based uniform sand, with the grain size ranging from 0.09 to 0.15 mm. The average grain size, which is the grain diameter at which 50z of the soil iŝ ner by weight, was 0.14 mm. Two dry soil densities (13.76 kN/m 3 and 14.83 kN/m 3 ) were used, with relative densities of 35z for the loose sand and 75z for the dense sand after considering the settlement of the sand bed at the 40 g acceleration.
Comparison of Numerical and Test Results
Two sets of soil parameters are required. One set is the soil subgrade reaction parameters for calculating f where k is aˆtting coe‹cient, 0.01; z is the embedded depth; A0 is a factor related to soil density and soil stress states; lz is a reduction factor for considering the eŠect of ground surface; Tt is the toe torsional resistance; ut is the local twist angle of the pile toe; A and A t are the initial slopes of a hyperbolic t-u curve and a hyperbolic toe resistance curve, respectively; and tf and Bt are the ultimate shaft torsional shear stress and toe torsional resistance, respectively. Factors A0, lz, A, At, and Bt are expressed as, (41) where G0 is a material parameter, taken as 387, which is the average value for the Leighton Buzzard sand measured by Cai (2001) with the maximum discrepancy within 10z; n 0 , e 0 and g? 0 denote the initial Poisson's ratio, initial void ratio, and eŠective unit weight of sand before pile jacking, respectively; K0 is the coe‹cient of earth pressure at rest, recommended to be 0.4 for loose sand and 0.5 for dense sand by Terzaghi and Peck (1948) ; zc is the critical depth, Baguelin et al. (1978) found the critical depth for granular soil is of the order of 4D; lz is 1.0 when z is larger than zc; c is an empirical factor; and Gt and ttf are the initial shear modulus of pile toe-soil interface and the ultimate torsional shear stress at the pile toe, respectively. c, t f , G t and t tf are curve-ˆtted from the experimental t-u curves and the toe torsional resistance curves reported by Zhang and Kong (2006) . Figure 3 shows the schematic shape of the p-y and t-u curves; further details of the p-y curves, t-u curves, and the toe torsional resistance curves are described by Kong (2006) . Figure 5 compares the simulated and measured horizontal force-displacement curves and torque-twist angle curves for the single piles, which demonstrates the validation of the proposed load transfer curves. Some key parameters for the p-y curves, the t-u curves, and the toe torsional resistance curves used to simulate the single pile tests, as well as the pile group tests, are summarized in Table 1 . Distributions of c and tf are available from Kong (2006) . The shear modulus of soil is a key parameter for pile group interactions. It is calculated from the soil modulus and Poisson's ratio. The modulus of cohesionless soils proposed by Poulos (1971) is used in the study. The proposed values of soil modulus are 0.9-2.1 MPa with an average of 1.7 MPa for loose sand, 2.1-4.1 MPa with an average of 3.5 MPa for medium dense sand, and 4.1-9.7 MPa with an average of 6.9 MPa for dense sand. As pointed out by Poulos (1971) , the use of a constant value of soil modulus with depth in sands is highly questionable, and it must be considered as being somewhat artiˆ-cialˆtting parameters rather than meaningful soil modulus. The moduli for the loose and dense sands are taken as 2.1 MPa and 5.0 MPa in this study, respectively. For the soil Poisson's ratio, Budhu (2000) suggested typical values from 0.15 to 0.25 for loose sand and from 0.25 to 0.35 for dense sand. In this study, the Poisson's ratios of 0.2 and 0.3 are used for the loose and dense sands, respectively. Kong and Zhang (2008) reported values of coupling coe‹cient b of 0.4 and 0.8 for the loose and dense sands, respectively, which were back calculated from the 1×2 pile group tests in the loose and dense sands and the 2×2 pile group test in the dense sand.
In the present study, each pile is divided into 40 elements. An investigation of the in‰uence of element number found that the use of twenty elements generally produces reasonable accuracy and there is little diŠerence in solutions using forty andˆfty elements. Figure 6 shows the experimental torque-twist angle curves of 1×2, 2×2, and 3×3 pile groups subjected to torsion and the corresponding numerical predictions using the present approach. Good agreement with the test data is achieved for the 1×2 and 2×2 pile groups. For the 3×3 pile group, agreement is favorable at the initial loading stages, whereas the analysis over-predicts the pile resistance at higher loading stages. In addition, the program was employed to calculate the responses of the pile groups without considering the pile-soil-pile interactions and the de‰ection-torsion coupling eŠect. This calculation was performed by setting a large far-ˆeld soil modulus, 10 3 MPa, and a b value of zero. Kong (2006) found that when the far-ˆeld soil modulus is larger than 10 MPa, the eŠect of the pile-soil-pile interactions on the pile group response is negligible. The calculated results are also shown in Fig. 6 . It is found that the curves without considering the pile-soil-pile interactions and the de‰ection-torsion coupling eŠect are slightly lower than the present numerical results considering all the interaction and coupling eŠects for the 1×2 and 2×2 pile groups, but are slightly higher for the 3×3 pile group. EŠects of pile-soil-pile interactions and coupling eŠect will be explained in detail later. The calculated and experimental torsional resistances of individual piles in the 1×2 and 3×3 pile groups are compared in Fig. 7 . In Fig. 7(a) , the numerical predictionsˆt the test data well, especially at large twist angles; while the analysis not considering the interaction and coupling eŠects appears to underestimate the torsional resistance at large twist angles. The latter analysis curves reach their ultimate values at a twist angle of 49 , which are similar to the torque-twist angle curves for the single piles in Fig. 5 . The comparison between the test data and the calculated results demonstrates that the de‰ection-torsion coupling eŠect indeed exists in the pile groups subjected to torsion and coupling coe‹cient b is su‹cient to quantify this coupling eŠect. Figure 7(b) shows the torsional resistances of the individual piles in the 3×3 pile group. In Fig. 7(b) , the numerical predictionsˆt the test data well at small twist angles, but somewhat deviate from the test data at large twist angles. The center pile in the 3×3 pile group is only subjected to a torque at the pile head like a single pile subjected to torque only, but its response from the numerical analysis is weaker than that without considering all the eŠects because the pile-soilpile interactions are taken into account in the numerical prediction. Figure 8 shows the calculated and experimental pilehead shear forces in the individual piles in the 1×2 and 3 ×3 pile groups. In Fig. 8(a) , the numerical predictionsˆt the test data very well. In Fig. 8(b) , the numerical predictions tend to over-predict the shear forces, but are better than the results without considering the interaction and coupling eŠects. The diŠerence between Figs. 8(a) and (b) may be attributed to the overlapping of the zones of plas- Figure 9 shows the variation of torsional resistance contribution with twist angle, in which the torsional contribution of a pile group is the sum of the torsional resistances of all the individual piles in the pile group. In Fig. 9 , the numerical predictionsˆt the torsional contribution well over the entire range of twist angle for the 1× 2 and 2×2 pile groups; while for the 3×3 pile groups, the present approach slightly underestimates the torsional contribution. The results without considering all eŠects in the pile groups appear to slightly overestimate the torsional contribution at small twist angles but considerably underestimate the torsional contribution at large twist angles.
The numerical predictions for torque and bending moment distributions along the depth using the present approach in the 1×2 pile group test in dense sand, as an example, are also compared with the test data, and are shown in Fig. 10 . A reasonably good agreement between the predictions and measurements is obtained.
EVALUATION OF INTERACTIONS AND COUPLING EFFECTS
The present approach uses the empirical factor b to quantify the de‰ection-torsion coupling eŠect and uses the Mindlin (1936) solutions and the Randolph (1981) solution to calculate pile-soil-pile interactions assuming linear elastic soil medium. The in‰uences of the coupling eŠect and pile-soil-pile interactions on response of pile groups subjected to torsion are evaluated in this section. Figure 11 shows the de‰ection-torsion coupling eŠect with b＝0, 0.4, and 0.8 on the responses of the 1×2, 2×2 and 3×3 pile groups in the loose sand. The group torsional resistance increases with b for all the three group conˆgurations. As b increases from 0 to 0.8 the group torsional resistance increases by 9-15z. Such an increase is clearly due to the fact that the de‰ection-torsion coupling eŠect increases the torsional resistances of individual piles in a pile group. In the present approach, separate stiŠness relationships are used for the near-ˆeld soil (i.e., p-y curves and t-u curves) and for the far-ˆeld soil (i.e., pile-soil-pile interactions), which permits independent adjustments of the two relationships. To study the in‰uence of the pile-soilpile interactions on response of pile group subjected to torsion, three far-ˆeld soil moduli, 0.9, 2.1 and 5.0 MPa, are used for a parametric study. As reported above, 0.9 MPa is the lower bound of the recommended soil modulus for loose sand by Poulos (1971) . The calculated results are shown in Fig. 12 . It is clear that the far-ˆeld soil modulus has a signiˆcant in‰uence on the response of the pile groups. An increase of soil modulus tends to decrease the torsional stiŠness of the 1×2 and 2×2 pile groups, but increase the torsional stiŠness of the 3×3 pile group. Because of the linear elastic assumption of soil medium, a movement of a pile in the 1×2 pile group subjected to torsion induces the second pile to move in the opposite direction. As the far-ˆeld soil modulus increases, the backward displacement decreases, so the lateral displacements of the two piles in the pile group, and in turn, the torsional stiŠness of the pile group decreases. In the 2×2 pile group, the displacements of a pile induced by the adjacent piles and the pile at the opposite corner counteract, so the in‰uence of far-ˆeld soil modulus on the response of the pile group is much smaller than that on the response of the 1×2 pile group. For a particular pile in the 3×3 pile group, the interaction with most of the other piles tend to increase its lateral displacement; so the torsional stiŠness of the pile group increases as the far-ˆeld soil modulus increases. Figure 12 indicates that the pilesoil-pile interactions in pile groups subjected to torsion are sensitive to the group conˆguration.
In the present approach, the interaction between the lateral resistances of the individual piles and the interaction between the torsional and lateral resistances of the individual piles are quantiˆed separately. A further parametric study indicates that the latter interaction always leads to reduced group torsional stiŠness. Therefore, the former and the latter interaction eŠects counteract in the 1×2 and 2×2 pile groups. In the 3×3 pile group, both types of interaction eŠects produce a reduced group torsional stiŠness.
Experimental results for torsionally loaded pile groups greater than 3×3 conˆgurations are not yet available. As pile-soil-pile interactions are sensitive to group conˆgura-tion, more research is needed if the results of this paper are to be extended to larger pile groups subjected to torsion.
SUMMARY
Previous studies show that piles in a pile group subjected to torsion simultaneously mobilize lateral and torsional resistances. These lateral and torsional resistances induce not only complex pile-soil-pile interactions (i.e., the interactions between the lateral resistances of individual piles and the interaction between the torsional and lateral resistances of the individual piles), but also de‰ec-tion-torsion coupling eŠects that the lateral loading has on the torsional resistance of individual piles. In this paper, a nonlinear approach is proposed to predict the response of pile groups subjected to torsion. Nonlinear soil response in the nearˆeld is modeled using load-transfer curves (i.e., p-y and t-u curves). The far-ˆeld pile-soilpile interactions are predicted using analytical solutions: the interaction between lateral resistances of the individual piles is considered through Mindlin (1936)'s solutions and the interactions between the torsional and lateral resistances of the individual piles are considered through Randolph (1981)'s solution. An empirical coupling coe‹cient is proposed to take into account the de‰ection-torsion coupling eŠect. The proposed approach not only simulates nonlinear behavior of individual piles in a pile group but also captures major pile-soil-pile interactions and the coupling eŠect in the pile group.
The proposed approach was applied to predict results of centrifuge model tests on 1×2, 2×2, and 3×3 pile groups subjected to torsion. In general, the applied tor- que-twist angle response and the transfer of applied torque in the pile groups can be predicted with reasonable accuracy, except for the 3×3 pile groups where the method tends to underestimate the pile twist angle. In addition, this approach was used to study the in‰uences of pile-soil-pile interactions and the de‰ection-torsion coupling eŠect on the response of pile groups. It was found that the de‰ection-torsion coupling eŠect can increase the torsional resistance of pile groups by 9-15z. The pile-soil-pile interactions are found to be sensitive to group conˆguration. More research is needed if the results of this paper are to be extended to pile groups larger than 3×3 conˆgurations.
